A novel polymer-shelled contrast agent (CA) with multimodal imaging and target specific potential was developed recently and tested for its acoustical properties using different in-vitro setups. OBJECTIVE: The aim of this study was to investigate the elimination of three types of the novel polymer-shelled CA, one unmodified and two shell modified versions, in rats.
Background
Multimodality imaging is a promising approach in the diagnosis of various diseases as it could provide both anatomical and physiological information when combining two or more imaging modalities, such as ultrasound and magnetic resonance imaging (MRI). To further increase the sensitivity and specificity of multimodal imaging, contrast agents (CAs) consisting of 2-6 µm sized encapsulated microbubbles (MBs) supporting multimodal imaging would be of great value. A novel polymer-shelled CA with multimodal and target specific potential was developed recently. This CA consists of monodisperse air filled MBs and has demonstrated a long shelf life [4] . Moreover, the shell surface enables the coating of different molecules [5] . In order to serve as a CA for ultrasound and MRI, the shell of the MBs was decorated with superparamagnetic iron oxide nanoparticles (SPIONs) [3] . Thin sectioning transmission electron microscopy (TEM) has been shown to be of great value for determining the structure of these and other polymer-shelled particles [3, 11] .
Micrometer-sized particles are pure blood pool agents as their size means that they will not be able to pass between the endothelial cells [14] . It has been demonstrated that CAs have a blood half-life ranging from minutes to hours [6, 12, 15, 22, 23] . Variations in blood half-life can be explained by different shell structure, size and animal model. Most studies evaluating blood elimination time utilize radioactivity measurements or gas analysis [6, 12, 15, 22, 23] , but a different approach could be to study ultrasound signal intensity decay, as the signal intensity corresponds to the concentration of MBs [18] .
Depending on the animal model investigated, different organ accumulations of CA have been observed, when using a CA stabilized with an albumin shell [24] . The presence of pulmonary macrophages in pigs was thought to be responsible for their high uptake of CA in the lungs. In contrast, when using a rat model, the predominant part of the dose was observed in the liver shortly after injection, which was most probably due to the lack of specific pulmonary macrophages. By studying the biodistribution of iodine-labeled CAs in a rat model, it was concluded that the CA uptake in the liver was mainly performed by the macrophages [16] . Comparable results were also observed during histological analysis of CA uptake in rat liver cells utilizing TEM [17] . Studies of liposomes, which are comparable to the lipidshell CAs in terms of surface properties, have shown that the subcellular distribution was size-dependent, and that liposomes with a diameter larger than 200 nm were mainly phagocytosed by macrophages [14] . Polymer-shelled CAs, having a completely different external surface, might have a unique pattern of cell interaction resulting in different elimination times compared with other CAs. Therefore, it is essential to study the subcellular localization of this novel polymer-shelled CA.
The research comprising this novel polymer-shelled CA has so far mainly been focused on in-vitro experiments, showing its potential to serve as multimodal CA [3, 8, 9, 19] . Prior to initiation of extensive in-vivo studies, the interaction with biological material must be determined. The aim of this study was therefore to investigate the elimination of three types of the polymer-shelled CA; one unmodified polymer-shelled CA (Plain MB) useful solely with ultrasound imaging and two shell-modified CAs (Type A and Type B) for combined ultrasound and magnetic resonance imaging. The elimination profile was investigated using a rat model by measuring the ultrasound intensity over time and by analyzing tissue sections using TEM.
Methods
This study comprised 25 rats and 3 types of the novel polymer-shelled CA. The blood elimination time was assessed by analyzing the image intensity obtained from ultrasound images of the common carotid artery. In addition, the commercially available CA SonoVue (Bracco Imaging, Italy) was used as a reference during the blood elimination time measurements. As a complement to these measurements, the sensitivity of the ultrasound system, in terms of the lowest detectable concentration of CA, was investigated in an in-vitro setup. Moreover, the interaction of CA at a subcellular level in the liver, spleen, kidney and lung at different time points after CA injection was evaluated utilizing TEM.
Animals
The study protocol (N372/10) was approved by the local ethical committee of animal experiments in Solna, Sweden. A total of 25 rats were included in this study. In the ultrasound imaging experiment, 16 rats (∼450 g) were included while the histology analysis comprised 9 rats (∼450 g), see Table 1 . All the rats were anesthetized utilizing 3-4% isoflurane, and to maintain anesthesia, 1-2% isoflurane was given. During anesthesia, the body temperature was controlled by a heating pad. The right jugular vein was catheterized. The rats, in which histological analysis was performed after 24 h, were given a subcutaneously dose of temgesic (0.01 mg/kg body weight) for pain relief prior to and 12 h after the surgery. Acute experiments were carried out in the remaining cases.
Contrast agents
Three types of the in-house made polymer-shelled CA were employed in the study (Table 1) ; one unmodified polymer-shelled CA (Plain MB) designed for ultrasound imaging [4] and two shell modified CAs, both containing SPIONs for combined ultrasound and magnetic resonance imaging [3] , see Fig. 1 . Plain MB are produced by cross-linking of synthesized polyvinyl alcohol at the air-water interface during high-shear stirring with an Ultra Turrax (IKA, Germany) stirrer at 8000 rpm [4] . In one of the modified CAs, the SPIONs were covalently linked to the polymer shell surface via chitosan molecules (Type A), whereas in the other modified CA, the SPIONs were embedded within the shell (Type B) [3] . Moreover, SonoVue was used as a reference in the ultrasound experiments. The diameter was 3.8 ± 0.6 µm [3] for the three types of the polymer-shelled CA and 2.5 µm (range: 1-10 µm) [7] in diameter for SonoVue.
A bolus injection of 0.4 ml of the CAs listed in Table 1 was manually injected through the right jugular vein of the rats, followed by a flush of saline. The injection flow was approximately 0.03 ml/s. Two repeated injections of the same CA were performed in the animals exposed to ultrasound.
Ultrasound imaging

In-vitro: Lowest detectable concentration of contrast agent
In order to determine the sensitivity of the ultrasound system for detecting CA, a tissue mimicking flow phantom with a vessel diameter of 6 mm was designed [19] . Dilution series (10 2 , 10 3 , 10 4 , 10 5 , 
10
6 MBs/ml) were prepared by mixing stock solutions of both Plain MB and SonoVue with de-ionized water to desired concentrations. The solution was constantly stirred by a magnetic stirrer and transported through the tissue mimicking flow phantom at a mean flow of 1.8 ml/s by using a peristaltic pump (Watson Marlow, United Kingdom), see Fig. 2 (a). A high frequency ultrasound system, Vevo 2100 (frequency = 18 MHz, frame rate = 15 frames/s) (FUJIFILM VisualSonics Inc., Canada), in the nonlinear contrast mode based on power modulation was used. Before image acquisition was initiated, the probe (MS250, center frequency = 21 MHz) was fixed in a position over the phantom by using a tripod holder. Moreover, the focus point was placed in the middle of the mimicked vessel lumen and gain was individually optimized for each image sequence. Thereafter, ultrasound short-axis image sequences (n = 260) were acquired, starting with the lowest concentration of the CAs tested. A circulating solution of pure de-ionized water was imaged prior to each dilution series, serving as control sequences. The mean intensity within a region of interest (ROI), with an area of 15 mm 2 , placed in the middle of the vessel lumen was investigated for each dilution and CA by using the custom-made workstation, Vevo software (FUJIFILM VisualSonics Inc., Canada), see Fig. 2(b) .
By comparing the mean intensity obtained during control imaging (ROI control ) using pure de-ionized water with each CA dilution (ROI dilution ), the lowest detectable concentration of CA was determined. A detectable concentration for the present ultrasound system was assumed if a significantly higher intensity was observed for ROI dilution (n = 260) compared with the intensity in ROI control (n = 260). This was tested with a z-test at a significance level of 5%.
In-vivo: Blood elimination time measurements
Ultrasound image sequences (1.5-2 min) of the left common carotid artery in the long-axis view were continuously acquired for 10 min after the CA injection or shorter if the signal enhancements in the vessel lumen was no longer visually detectable, see Fig. 3 . The second injection of CA was performed 30 min after the first injection in each rat. The same imaging system and settings as previously described in the in-vitro experiments were used. The employed transducer was fixed by a tripod holder on the left common carotid artery and the focus point was fixed in the middle of the vessel lumen.
After completed ultrasound acquisition, the image sequences were exported to a workstation, Vevo software (FUJIFILM VisualSonics Inc., Canada), for offline analysis. The image sequences were excluded if movements of the animal resulted in a shift of the image view within the stored image sequences. A ROI with an area of approximately 1.5 mm 2 was manually placed in the middle of the vessel lumen ( Fig. 3 ) and the mean intensity within the ROI from each frame was exported from the workstation and further analyzed using MATLAB (MathWorks, USA). The data were then preprocessed with a noise reduction filter by convolving the intensity curves with a normalized rectangular function of 8 time samples in length. Thereafter, in order to assess the wash-out curves for the different CAs, normalized curves (starting point = peak intensity) were approximated to an exponential decay curve using the nonlinear least square method. The median blood elimination time for each CA was determined. The differences in elimination between the CAs were evaluated using a Mann-Whitney U-test (5% significance level).
Histological analysis by transmission electron microscopy
Tissue samples from liver, spleen, kidney and lung were collected at different time points (10 min, 40 min and 24 h) after injection and cut into 1 mm slices, see Table 1 . Regions (1 mm 2 ) containing parenchyma and endothelial cells, e.g. the liver hepatocytes, were randomly selected for liver, spleen and lung tissue samples. On the contrary, the objective for the kidney was to investigate if the CA had passed the filtration barrier between blood and urine in the glomerulus. As a consequence, tissue samples (1 mm 2 ) of regions containing glomeruli were specifically selected in the kidney. The tissue slices were prepared for TEM by following a previously described protocol [10] . In short, immediately after collection the specimens were immersed into a fixation buffer (2% glutaraldehyde, 1% paraformaldehyde in 0.1 M phosphate buffer) and placed in a refrigerator until further preparation. Prior to dehydration, the specimens were transferred to a wash buffer (0.1 M phosphate buffer) and placed in a refrigerator overnight. In order to increase the contrast of the tissue for TEM imaging, the samples were put in an Osmium fixation buffer (2% OsO 4 in 0.1 M phosphate buffer). Thereafter, the samples were dehydrated in ethanol followed by acetone and embedded in Epoxy resin, LX 112. Ultra-thin sections of approximately 50 nm from the tissue slices were cut using a Leica Ultracut UCT (Leica, Austria) and placed on formvar coated copper grids coated with a thin carbon film. A total of 144 tissue sections, corresponding to 4 sections from each rat (n = 9) and tissue (n = 4), were prepared and imaged using a FEI CM 120 (Philips/FEI, The Netherlands) TEM at an accelerating voltage of 80 kV. Grids were excluded from the study if big cracks were found in the slices. Images were recorded onto Kodak SO-163 films and digitized using an Epson Perfection V600 photo scanner (Epson, US).
Results
Ultrasound imaging
In-vitro: Lowest detectable concentration of contrast agent
Concentrations higher than 10 3 MBs/ml resulted in a significant difference between the mean intensity within ROI control and ROI dilution for both Plain MB and SonoVue, implying that the lowest detectable concentration was 10 4 MBs/ml for both CAs.
In-vivo: Blood elimination time measurements
The wash-out curves for the CAs tested are shown in Fig. 4 . Common for all CAs was a rapid decrease in the image intensity for all CAs in the early elimination phase. Nevertheless, a slight difference in intensity decrease pattern could be seen, whereas SonoVue and Type A had a more rapid intensity decrease in the early phase compared to Plain MB and Type B. On the other hand, all types of the novel CAs had significant longer detectable circulation times in blood than SonoVue, see Fig. 5 and Table 2 . The blood half-life time for SonoVue was 7.5 s, while the different polymer-shelled CAs have a blood half-life time of 17-85 s. When comparing the blood elimination time for the three types of the novel CA it can be concluded that Plain MB and Type B have a significant longer blood elimination time than Type A. There was no significant difference in blood elimination time for Plain MB and Type B.
Histological analysis by transmission electron microscopy
The MBs could clearly be differentiated from other subcellular structures since they have a sharp inner surface with a distinct shell structure. A total of 731 MBs were found in all analyzed tissue sections and the MBs were exclusively found in the circulatory system, either taken up by, or found in the vicinity of or adherent to macrophages, see Fig. 6(A)-(F) . No MBs uptake by parenchyma or endothelial cells was observed since all of the 731 MBs found in the investigated organs were located inside the blood vessels. It was difficult to determine MB proximity to a specific cell type in the spleen, since there is a large variety of size and shape for each cell type. However, lysosomes could be seen close to where the MBs were found, indicating an uptake of MBs by macrophages also in the spleen, see Fig. 6(B) and (E). This problem was not observed for liver, kidney and lung tissue. As seen in Fig. 6(C) , several MBs can be phagocytized by one single macrophage.
MBs of all types of the polymer-shelled CA, intact in the shape of spherical structures, were found in tissue sections at all collected time points. However, most MBs were found in tissue sections collected 10 and 40 min after the injection, see Table 3 . In addition, a few MBs, in particular Type A, had lost their spherical structure and it seems that they had collapsed, see Fig. 6(A) . In tissue sections collected 24 h after the CA injection, SPIONs could still be seen attached to, see Fig. 6(E) , or embedded inside the shell for Type A and Type B, respectively. In addition, even after 24 h of circulation the MBs were only found in blood vessels, close to or inside macrophages. Most of the MBs of both Type A and Type B were found in the lungs 10 and 40 min after injection. After 24 h, a shift in the MB localization could be observed. Higher number of MBs were then located in the spleen and liver tissue sections compared Notes: The median blood elimination time for each CA (SonoVue (n = 8), Plain MB (n = 7), Type A (n = 8) and Type B (n = 7)) to decrease to 50% and 20% of the peak intensity value. Significant difference in elimination time between the contrast agents are indicated by its P -values (Mann-Whitney U-test, 5% significant level). Interquartile in brackets, CA = contrast agent, NS = nonsignificant. to previous time points. Few MBs, regardless of MB type and time after injection, were observed in the kidney. None of these MBs had passed the filtration barrier between blood and urine in the glomerulus. All MBs found in the kidney were located in the circulatory system, see Fig. 6(D) .
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Discussion
This study showed that the macrophage phagocytosis was the main responsible mechanism for eliminating the novel polymer-shelled CAs, since the MBs were exclusively found in the circulatory system, mainly taken up by, or found in the vicinity of or adherent to macrophages. None of the MBs were located outside the blood vessels, indicating that uptake in parenchyma or endothelial cells in these tissues can be excluded, or at least considered to be very low. Comparable results have also been reported using CA consisting of other shell compositions. For example, it was demonstrated that the macrophages were exclusively responsible for the uptake of lipid-shelled CA Sonazoid [17] . Additionally, it has been shown that macrophage cells were predominantly responsible for the uptake of iodine labeled albumin MBs [16] . However, it is important to remember that only a modest area from each tissue part and only a few animals were investigated in the histology analysis, implying that no quantitative measurements of the CA uptake per organ and CA type could be made using this technique. Nevertheless, none of the 731 MBs localized in the analyzed tissues were seen leaving the blood vessels. Thus, this study indicates how the CA interacts on a subcellular level within the analyzed tissues. This is an advantage compared with other studies using indirect methods, such as tracing encapsulated gas [23] or measuring the radioactivity [25] , since it is unknown how the encapsulated gas is released from the MBs and if the radiolabeled molecules are still attached to MBs after interaction with biological material. Hence, no information about both the MB structure and localization can be obtained using these other methods.
Considering the in-vitro experiments, the lowest detectable concentration of CA when using the present ultrasound system was 10 4 MBs/ml for the CAs investigated. Variations in the lowest detectable concentration for the polymer CAs might be present, as the SPION coating partly affects the echogenicity response [19] . If assuming an even distribution of CA within the circulatory system after a few heart beats, the concentration of CA in blood post injection can be estimated to approximately 10 7 MBs/ml, considering the blood volume in the rats used for the ultrasound experiments to be approximately 28 ml [21] and the fact that the injected dose was 0.4 ml at a concentration of 6.6 × 10 8 MBs/ml. This indicates that as low as one permille of the injected dose could approximately be detected using the present ultrasound system. Transferring this to the in-vivo environment, it should be kept in mind that the acoustic properties of the MBs can be altered by e.g. macrophages internalization of the MBs or by protein complexes surrounding the MBs in the blood, as further discussed below. The obtained blood elimination times might therefore, to some extent, differ from the true blood elimination time. The in-vivo study showed that all polymer-shelled CAs had significant longer detectable blood circulation times than SonoVue. However, Type A also showed a fast signal intensity decrease during the early elimination phase. Previous studies have shown that various coatings of iron oxide nanoparticles interact with different proteins in a biological solution and these proteins form complexes referred to as the protein corona [20] . The protein corona might affect the transportation across biological barriers [13] . Therefore, polymer-shelled MBs loaded with SPIONs might change the blood elimination profiles depending on its structure, in particular the outer surface that is facing the circulation system. In comparison to Plain MB and Type B, the outermost layer of Type A consists of SPIONs instead of polymers. Moreover, the shell of Type B has shown to be more rigid than the shell of Type A [3] . The difference in shell stiffness could answer why Type A has a higher tendency to collapse. These factors might explain the difference in the observed blood half-life for these CAs. However, the overall prolonged blood circulation time seen for polymer-shelled CAs offers more time for image acquisition, which enables the examination of organs in multiple scanning planes as well as contrast replenishment studies for quantitative assessment of perfusion with the use of one single bolus injection. Beside prolonged blood circulation time in the early elimination phase, intact MBs were still present in the blood circulation system 24 h after CA injection as seen in the TEM images. These findings were also obtained in a previous study, where the novel polymer-shelled CA was observed in organs 24 h post CA injection when using MRI [1] . Additionally, the shift of MBs from lungs 10 min post CA injection into the liver and spleen after 24 h has also been observed using another type of the polymer-shelled CA [2] . In both the short and the long time perspective, the prolonged blood elimination time is important for targeted imaging where long circulation time increases the probability of attachment of MBs to the intended targets. The ability of the imaging systems to detect single MBs is however crucial in this context.
The concentration of CA injected during histology analysis was approximately nine times lower than the one used during the ultrasound experiments. Thus, the phagocytosis process may have been affected when high concentration of MBs was injected due to saturation of the macrophages. Nevertheless, the observations obtained during the histology analysis indicated that several MBs can be phagocytized by one single macrophage. Moreover, assuming the calculations done in a previous study [17] , the total number of liver macrophages will be in excess even if a dose above 10 9 MBs/ml will be injected. Hence, the uptake in the macrophages will most probably not be affected if using comparable concentration for histology analysis as for ultrasound imaging.
In summary, the prolonged blood circulation times for the novel polymer-shelled CAs offers longer image acquisition times and possibilities to be used as vehicles for target imaging and drug delivery. To further understand the elimination process of the novel polymer-shelled CAs, quantitative measurements of the biodistribution and clearance must be performed. However, this study provides information about the elimination time in blood as well as knowledge about the subcellular localization of the three types of the novel CAs, thereby giving new insight of how these CAs are eliminated.
Conclusions
The elimination profile, determined by the use of ultrasound imaging, showed longer blood circulation time for the novel polymer-shelled CAs compared with the commercially available CA SonoVue. Plain MB and Type B had a significant longer blood circulation time than Type A. The macrophages were suggested to be responsible for the elimination of the different types of the novel CAs as MBs were exclusively found inside the circulatory system either taken up by, or found in the vicinity of or adherent to macrophages.
